Introduction &
Muscle hypertrophy [1, 15] , increases in maximal strength and power output [15, 19] and enhanced agonist EMG activity [2, 15, 16] are typical adaptations during short-term heavy resistance training (i.e. 7 -10 weeks). Only a limited number of studies, however, have examined the eff ects of strength training on dynamic exercise-induced fatigue of the leg extensor muscles with the same absolute and relative loading as in pretraining. Delayed development of exercise-induced leg fatigue as a result of isometric strength training has been reported through the assessment of maximal isometric voluntary contraction (MVC) before and immediately after isometric fatiguing exercise [10, 29] . In contrast, similar acute decreases in maximal isometric strength have been observed when the relative intensity of the loading was kept the same before and after a long-term dynamic strength training period (21 weeks) [3] . In other studies the magnitude of exercise-induced loss (before and after training) training. The peak power lost after 5 × 10RM Rel (58 -62 % , pre-post training) was greater than the corresponding exercise-induced decline observed in isometric strength (12 -17 % ) . Similar neural adjustments, but higher accumulated fatigue and metabolic demand were observed after 5 × 10RM Rel . This study therefore supports the notion that similar changes are observable in the EMG signal pre-and post-training at fatigue when exercising with the same relative load. However, after training the muscle is relatively able to work more and accumulate more metabolites before task failure. This result may indicate that rate of fatigue development (i.e. power and MVC) was faster and more profound after training despite using the same relative intensity.
Fatigue-related decreases in muscle voluntary activation to maintain a given muscle power output (i.e. dynamic task failure) have been exclusively assessed by the measurement of the EMG signal during maximal voluntary isometric contractions to avoid the limitations imposed by dynamic contractions on the validity of surface EMG recordings [6 -8, 11, 23, 26] . However, since the pattern of neural activation is likely to be diff erent during dynamic and static contractions, extracting information from EMG signals obtained during a static contraction to infer fatigueelicited changes during dynamic contractions may be questionable [8] . To extract valid information from the EMG activity recorded during dynamic muscle actions non-stationary EMG analysis techniques should be used [9, 12] . Failure to maintain a given level of peak force and muscle power under conditions of exercise-induced fatigue has been also associated with accumulation of lactate, H + inorganic phosphate (Pi) and ammonia and a decreased number and force of cross bridges in fast-twitch fi bres, decreased myofi brillar Ca 2 + sensitivity, and also a decline in muscle adenine nucleotide stores, mainly through a pronounced reduction in muscle ATP content [13, 17, 22, 30, 33] . To our knowledge, the eff ects of strength training on exercise-induced changes in blood ammonia and lactate concentrations, maximal strength, muscle power and the surface EMG signal with the same absolute and the same relative loading as in pretraining have not been studied. Indeed, we hypothesize that fatigue will elicit similar neural adjustments and, therefore EMG changes before and after training when the fatiguing task is carried out at the same relative intensity. However, we also expect that training will allow greater metabolic demand with a higher accumulation of metabolites (i.e. blood lactate and ammonia) before task failure. Therefore, the purpose of the present study was to examine during short-term heavy resistance training (fi rst 7 weeks) neuromuscular and metabolic responses after two loading protocols with the same relative intensity [ % of one repetition maximum (1RM)] and the same absolute load (kg) as in pretraining.
Methods

& Subjects
Twelve physically active men volunteered to participate in the study. The subjects ' mean ( ± SD) age, height, body mass and percentage of body fat were 33 ( ± 4.4) years, 1.77 ( ± 0.06) m; 72.4 ( ± 6.9) kg and 9.2 ( ± 2.5) % respectively. The subjects had experience with recreational training, although none had been involved in any regular strength training program at the beginning of the study. Each subject gave his written informed consent to participate after the risks of the investigation were carefully explained. The experimental procedures were approved by the Institutional Review Committee of the Instituto Navarro del Deporte and were in accordance with the Declaration of Helsinki. Before inclusion in the study, all subjects were medically screened by a physician and were free from any orthopaedic, electrocardiographic, endocrine or medical problems that would contraindicate their participation or infl uence the results of the investigation. None of them was taking exogenous anabolicandrogenic steroids, drugs, medications or dietary supplements with potential eff ects on physical performance.
Experimental design
A longitudinal randomized research design was used to compare the neuromuscular responses and recovery profi le elicited by two loading protocols with the same relative load ( % ) and the same absolute load (kg) before and after short-term heavy resistance training (7 weeks). The experimental design comprised three acute heavy-resistance exercise protocols (AHREP). One of them was performed before training (5 × 10 RM leg press) and the other two after the 7-week experimental strength training period. Baseline testing was completed during the fi rst three weeks of the study before the start of the training program. The two AHREP sessions performed after training were separated by 7 days and were performed with the same relative load ( % ) and the same absolute load (kg) as in pretraining, respectively (see Fig. 1 ). The volunteers were familiarized with the experimental testing procedures about 2 weeks before the AHREP session. After a thorough familiarization period one week before the AHREP session the subjects participated in a control testing day to determine one repetition maximum (1RM), maximal voluntary contraction (MVC), muscle power, and the maximum load possible to achieve 10 repetitions (10RM) ( • ▶ Fig. 1 ). Before training, the measurement of muscle function was performed twice in order to assess reproducibility. Immediately before each AHREP (pre-exercise) session each subject ' s 1RM and MVC were determined. Muscle power was assessed with the load corresponding to pre-exercise 10RM (i.e. control). After each AHREP, i.e. in the fatigued state, the MVC and muscle power with the actual load corresponding to 10RM were performed immediately post-exercise (post 0), and 3, 5, 10, 15
and 30 min into the recovery period ( • ▶ Fig. 1 ).
Acute heavy resistance loading protocols
The experimental design comprised the examination of strength training-induced adaptations on the acute neuromuscular responses with the same absolute (kg) and relative load ( % of 1RM). Before training, the AHREP consisted of 5 sets with the load corresponding to 10RM in leg press with 120 s of rest between the sets. After training each subject performed a randomized AHREP (separated by 7 days) with the same relative load (5 × 10RM Rel ) and the same absolute load (5 × 10 Abs ) as in the pretraining testing protocols. If the subject failed to perform 10 repetitions (before and after training in the 5 × 10RM Rel loading protocol) due to fatigue on any given set, the load was subsequently adjusted (i.e. lightened) to allow the completion of 10 repetitions on the same set. For comparison purposes, the 5 × 10RM Abs loading protocol after the strength training period was performed with the same absolute loads used before training. A bilateral leg extension exercise machine (i.e. leg press action in a sitting position) (Technogym, Gambettola, Italy) was used for all trials. The seat was individually adjusted to minimize displacement between the lower back and the backrest during muscular force exertion. Strong verbal encouragement was given to all the subjects to motivate them to perform each test action as maximally and as rapidly as possible. The subjects were asked to eat similar diets before the loading sessions. Subjects did not perform any strenuous exercise for 48 h before the experimental exercise session.
Maximal strength and muscle power output
One repetition maximum (i.e. the heaviest load that could be correctly pressed only once using the correct technique) was determined for the leg press exercise machine (Technogym, Gambettola, Italy). The subject was in a seated position so that the knee angle was 90 ° . Warm-up consisted of a set of 5 repetitions at 50 % of the estimated maximum. Thereafter, three to four repetitions at 75 % of perceived maximum and 1 repetition at 90 % of perceived maximum. Three to four subsequent attempts were made to determine the 1RM. The rest between maximal attempts was always 2 min. Maximal isometric force was also measured on a modifi ed leg press exercise machine (Technogym, Gambettola, Italy) at knee and hip angles of 90 ° and 45 ° respectively. In this test, the subjects were instructed to exert their maximal force as fast as possible during a period from 2.5 to 4 s. Muscle power output of the leg extensor muscles was measured during the concentric phase of leg press action using the individual maximum load corresponding to what the subject could perform 10 times (10RM). The subject was instructed to move the weight as fast as possible. Two testing trials were recorded and the best trial was taken for further analysis. The exercise machine incorporated several force transducers on a foot platform located below the subject ' s feet. The strain gauges recorded the applied force (N) to an accuracy of 1 Newton at 1 000 HZ. In addition, an optical encoder (Computer Optical Products Inc, California, USA) was attached to weight plates to record the position and direction of the displacement to an accuracy of 0.2 mm at 1 000 Hz. Customized software was used to calculate range of motion, peak power output and average velocity for each repetition. The test-retest intraclass correlation coeffi cients for all strength and power variables were greater than 0.95 and the coeffi cients of variation (CV) ranged from 0.9 % to 2.1 % .
Muscle Cross-Sectional Area (CSA) and anthropometry
The muscle CSA of the left quadriceps femoris (QF) was assessed before and after the 7-wk resistance training period using MRI (SIEMENS Magnetom Impact Expert, 1 T). Once the subject was positioned inside the magnet, the thighs of both legs were kept parallel to the MRI table and the feet were strapped together to prevent rotation. The length of the femur (Lf), taken as the distance from the intercondilar notch of the femur to the superior boundary of the femoral head, was measured on a coronal plane. Subsequently, 15 axial scans of the thigh interspaced by a distance of 1 / 15 Lf were obtained from the level of 1 / 15 Lf to 15 / 15 Lf (slice 3 being closer to the knee joint). Great care was taken to reproduce the same individual Lf each time by using the appropriate anatomical landmarks. In addition, one scan was taken at the site (marked on the skin by the ink tattoo) of the muscle biopsy of the vastus lateralis (VL) muscle. For each axial scan, CSA computation was carried out on the QF as a whole and, individually, on the VL, vastus medialis (VM) vastus intermedius (VI), and rectus femoris (RF). For the fi nal calculation of the CSA, slices 5 / 15 -12 / 15 were used for all muscles examined except for the RF, which was analyzed only for slices 5 / 15 -12 / 15. CSA (cm 2 )
was determined by hand tracing of the border of each muscle. Body mass and percent body fat (estimated from the thickness of seven skin-fold sites) were taken before and after each training period [20] .
Muscle biopsies
Needle muscle biopsies were obtained from the middle section of the vastus lateralis muscle under local anaesthesia without suction, but with mild pressure on the lateral aspect of the thigh. Biopsies before and after the 7-week period were obtained from six of the subjects. The muscle samples were immediately mounted with Tissue-Tek and frozen in isopentane cooled with liquid nitrogen, and stored at − 80 ° C. MHC analyses were performed on the muscle biopsies using sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) [31] . From each biopsy 20 -40 serial cross-sections (10 μ m) were cut and placed in 200 -500 μ L of lysing buff er and heated for 3 min at 90 ° C. Between 2 and 12 μ l of the myosin-containing samples were loaded on a SDS-PAGE. Gels were run at 70 V for 43 hours at 4 ° C. Subsequently, the gels were Coomassie stained and MHC isoform bands (I, IIa, IIx) were determined based on known migration patterns and quantifi ed with Un-scan-it gel software (Orem, UT).
Electromyography
EMG activity of the VL and VM muscles during leg extension was recorded from the right leg by using bipolar surface electrodes (Blue Sensor N-00-S, Medicotest) with a 20 mm inter-electrode distance during dynamic muscle actions. A detailed description of the EMG procedures can be found elsewhere [2, 16] . Briefl y, after careful preparation of the skin (shaving, abrasion, and cleaning with alcohol), electrode pairs were placed longitudinally on the medial portion of the muscles. The positions of the electrodes were marked on the skin by small ink tattoos [16] . The dots ensured the same electrode positioning in all tests. EMG signals were recorded at a 1 kHz sampling rate, with Muscle Tester ME3000 (Mega Electronics Ltd) (bandwidth of 8 -500 Hz / 3dB and a common mode rejection ratio > 100dB). EMG signals were full-wave rectifi ed and fi ltered by a moving rootmean-square fi lter with a time constant of 50 ms. The movement was divided into four intervals of 22.5 ° of the knee displacement. Spectral indices were calculated over time at the same joint angle to assess relative, rather than absolute, myoelectric manifestations of fatigue [9, 14] . The following parameters were identifi ed in the fi rst interval of the movement (from 90 ° to 112.5 ° of the knee displacement) for the two muscles because it was the part of the movement where the muscles were more activated during the concentric phase of the leg press actions: MAV (mean average voltage) calculated as the integrated EMG / integration time [2] normalized by the MAV value of the fi rst quarter of the 1RM, and median frequency (Fmed). where PS(f) was the spectral power for the currency frequency f and f1 = 8 Hz and f2 = 500 Hz were the high and low-pass frequencies of the amplifi er fi lter. A new highly sensitive spectral index proposed by Dimitrov and co-workers [9] was also calculated in the same intervals. This spectral index (FI nsm5 ) has been proposed to overcome the relatively low sensitivity of the median frequency and the mean frequency. The index is calculated as the ratio between the signal spectral moment of order (-1), which emphasizes the increase in low and ultra-low frequencies in the EMG spectrum attributable to increased negative after-potentials during muscular fatigue, and normalizing spectral moment of order 5, which emphasizes the eff ect of decreases in the high frequencies attributable to the increased duration of the intracellular action potentials and the decreased action potential propagation velocity [9] .
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where PS(f) was the spectral power for the currency frequency f and f1 = 8 Hz and f2 = 500 Hz were the high and low-pass frequencies of the amplifi er fi lter. After calculating all of these parameters, an arithmetical mean was calculated between the parameters of VM and VL to obtain a value which included the eff ects of the fatigue of the two muscles.
Blood lactate and ammonia analysis
Capillary blood samples for the determination of lactate and ammonia concentrations were obtained from a hyperemized earlobe pre-exercise, after the 1st set, after the 3rd set (mid-exercise), and peak value post-exercise . Samples for whole blood lactate determination (100 μ l) were deproteinized, placed in a ). After cleaning and puncturing, a single 20 μ mol of whole blood sample was taken from hyperemized earlobe with an Eppendorf varipipette and immediately analyzed with an ammonia checker (BAC) II (model AA-4120, Kyoto Daiichi, Kayaku Co., Ltd. Japan, Menarini Diagnostic, Italy) with a simple volume of 20 μ l blood. This analyzer uses a refl ectometer to optically measure the refl ection intensity (45 ° ) of reagent color reaction in biochromatic mode and was calibrated before and after every test with a known control (58.7 μ mol · l − 1 ).
Resistance training program
A trained researcher supervised each workout session carefully so that exercise prescriptions were properly administered during each training session (e.g. number of repetitions, rest and velocity of movement). Compliance with the study was 100 % of the programmed sessions. Subjects were asked to train two times per week for 7 weeks to perform dynamic resistance exercises from 45 to 60 min per session. A minimum of 2 days elapsed between 2 consecutive training sessions. During the training period, the core exercises performed were parallel-squat and bench press, in addition to supplementary strengthening exercises for selected muscle groups (leg press, leg extension, shoulder press, lateral pulldown, abdominal crunch, trunk extension, and standing leg curl). The resistance training consisted of a nonlinear, multi-set, multi-exercise, progressive program performed 2 times per week. The daily workouts were alternated by varying the resistance (intensity), and the volume (sets × repetitions × load) over the week. On Tuesday the sets were performed at 12 -15RM with 2 min rest between sets. Finally, on Thursday the sets were performed at the 10RM intensity. Three to fi ve sets were performed during the training program. The assigned training intensities were gradually increased during the course of the 7-week training period using a repetition maximum approach.
Statistical analyses
Standard statistical methods were used for the calculation of the means and standard deviations (SD). The training-related eff ects on acute AHREP-induced responses in maximal isometric, muscle power and several EMG indices were assessed using a twoway ANOVA with repeated measures. When a signifi cant F-value was achieved, Bonferroni po st hoc procedures were performed to locate the pairwise diff erences between the means. Statistical comparison during the control period (from week -3 to week 0) was performed by Student ' s paired t -test. Selected absolute and relative changes in maximal isometric, muscle power and several EMG indices were analyzed via one-way analysis of variance. Statistical power calculations for this study ranged from 0.75 to 0.80. The p < 0.05 criterion was used to establish statistical signifi cance.
Results
& Anthropometry and muscle CSA
After the training period, signifi cant changes took place in body mass and body fat percentage, from 72.4 ± 6.9 to 73.4 ± 6.2 kg and from 9.2 ± 2.5 to 9.7 ± 1.5 % respectively. No signifi cant change was observed in free fatty mass. The Quadriceps CSA from MRI scans increased signifi cantly during the training period (P < 0.001) along with the length of the thigh from 6 / 15 to 12 / 15 Lf. The mean increase of the thigh muscles at diff erent Lt was 4.4 % (from 130.1 ± 10.6 to 135.7 ± 12.2 cm 2 after 7 wks of training) ranging from 2.9 to 9.6 % , but these did not diff er signifi cantly from each other ( • ▶ Fig. 2 ).
Myosin heavy chain isoform distribution
Strength training resulted in an increased amount of MHC type IIa (from 21.7 ± 0.7 to 38.6 ± 2.3 % ; p ≤ 0.05) and a reduction in the amount of MHC type I (from 54.1 ± 1.8 to 49.5 ± 2.0 % ; p ≤ 0.05) and MHC type IIx (from 18.2 ± 0.7 to7.9 ± 0.6 % ; p ≤ 0.05).
Maximal bilateral isometric, 1RM dynamic strength and muscle power output
Maximal strength and muscle power output remained unaltered during the 3-week control period (from week -3 to week 0). During the 7-week training period signifi cant increases of 10.8 ± 1.3 % (P < 0.05) and 19.7 ± 4.7 % (P < 0.01) were recorded in maximal isometric force (from 1557 ± 211 N to 1772.7 ± 304 N) and 1RM (from 190.6 ± 30.2 to 237.9 ± 38.8 kg). After the 7-week training period, peak power output with the same absolute load as pretraining increased by 16.2 ± 12.8 % (from 1163.2 ± 239.9 to 1414.4 ± 372.0 W, P < 0.001), whereas no signifi cant changes were observed in peak power output with the same relative load used in pretraining (from 1163 ± 239 to 1159 ± 320 W). After the 7-week training period, peak velocity with the same absolute load as pretraining signifi cantly increased by 15 % (from 0.67 ± 0.1 m · s − 1 to 0.79 ± 0.1 m · s − 1 ; P < 0.001), whereas a similar peak power output with the same relative load as pretraining was related to a higher absolute load [i.e. similar relative (10RM) as in pretraining], but with a decrease in peak velocity (from 0.67 ± 0.1 m · s − 1 to 0.56 ± 0.1 m · s − 1 ; P < 0.001).
Acute heavy 10RM resistance loading
After the 7-week training period the initial load of the 5 × 10 Rel loading protocol was increased from 160.2 ± 26.3 to 198.9 ± 33.9 kg (P < 0.001). Before training, the % level of the 1RM used during the 10RM loading was 84.1 ± 4.8 % of 1RM (ranging between 75.1 % and 90.5 % ) which was similar to that of 83.7 ± 4.8 % of 1RM (ranging between 74.9 and 91.1) used after training. After training total work (sets × reps × load) performed with the same relative load (5 × 10 Rel loading) was increased by 15.5 ± 6.6 % compared to that used before training (from 7515.7 ± 1040.1 to 8939.6 ± 1340.6 kg, P < 0.001) ( • ▶ Table 1 ).
After training, the load used during the 5 × 10RM Abs represented 67.6 ± 5.7 % of the post-training 1RM. Total work (sets × reps × load) performed with the same absolute load (5 × 10RM Abs loading) was similar before and after training. After training, the relative decrease ( % ) of the load during the 5 × 10 Rel protocol was higher (P < 0.05) for the 2nd, 4th and 5th
bouts compared with that recorded before training. ( • ▶ Table 1 ).
For comparison purposes, after training the absolute decrease of the load during the 5 × 10 Abs loading protocol was matched to that recorded before training.
AHREP-induced changes in maximal isometric and muscle power output before and after training
Maximal isometric force immediately after the 5 × 10RM Rel loading was decreased by 23.4 ± 11.7 % before and 34.2 ± 15.8 % after training (both P < 0.05), but with a signifi cantly greater exerciseinduced loss of MVC after training (before vs. after training, P < 0.01). MVC remained low during the fi rst 30 min of the recovery period ( • ▶ Fig. 3A ) under both conditions.
Training attenuated the losses in MVC elicited by the 5 × 10RM Abs loading protocol (11.4 % ) compared to those observed immediately after those elicited by the 5 × 10RM Rel loading protocol, either before or after the training period. After the 5 × 10RM Abs loading protocol MVC remained low during the fi rst 30 min of recovery ( • ▶ Fig. 3A ).
Peak power output decreased similarly (P < 0.05) immediately after the 5 × 10RM Rel loading protocols both before and after training (58.4 % and 62.3 % respectively) and remained diminished until 10 min and 15 min of recovery respectively ( • ▶ Fig. 3B ).
After training, signifi cant decreases (P < 0.05) were observed in peak power output immediately post-exercise (0 min post) in the 5 × 10RM Abs loading protocol (20.3 % ), but pre-exercise peak power was re-established at 3 min post-exercise ( • ▶ Fig. 3B ). The 5 × 10RM Abs loading protocol elicited lower reductions in peak power output after training than 5 × 10RM protocol before training and 5 × 10RM Rel after training (P < 0.05). 
Acute EMG responses to training
EMG activity of the VL and VM muscles remained unaltered during the 3-week control period (from week -3 to week 0). Compared to pre-loading, MAV was signifi cantly increased after the 5 × 10 rel loading protocols in both before and after training, and remained unchanged after the 5 × 10RM abs protocol. During the recovery period, the MAV after the 5 × 10RM rel protocol before training reached initial values at 3 min, whereas the MAV after the 5 × 10RM rel protocol after training did not reach them until 5 min post-exercise. Pre-loading MAV was comparable at the beginning of the three protocols ( • ▶ Fig. 4A )
The median frequency decreased signifi cantly (P < 0.05) in the 5 × 10RM rel loading protocols in both pretraining and post-training and regained its initial value 3 min and 5 min post-exercise respectively. No signifi cant changes were observed in the median frequency of the 5 × 10RM abs ( • ▶ Fig. 4B ).
The FI nsm5 increased signifi cantly (P < 0.05) after loading in the 5 × 10RM rel loading protocols and decreased to initial values 3 min and 5 min after the 5 × 10 rel loading protocol before and after training, respectively. No signifi cant changes were observed in the FInsm5 of the 5 × 10RM abs loading protocol. The FInsm5 values of both 5 × 10RM rel loading protocols were signifi cantly higher than the values obtained in the 5 × 10RM abs loading protocol at 0 and 3 min post-exercise respectively ( • ▶ Fig. 4C ).
Blood lactate and ammonia concentrations
Blood lactate concentrations increased (P < 0.05) after the fi rst bout, mid-exercise and peak after loading in all protocols examined before and after the strength training period. After training, the mean of the blood lactate was greater (P < 0.05 after the fi rst bout, mid exercise and peak post exercise) in the 5 × 10RM rel compared with that observed in the 5 × 10RM protocol performed before training. The blood lactate response was lower (p < 0.05) during the entire loading and the recovery period in the 5 × 10RM Abs compared with the response observed in the 5 × 10RM Rel ( • ▶ Fig. 5A ).
There were no diff erences between the protocols in blood ammonium concentrations at rest ( • ▶ Fig. 5B ). Blood ammonium concentrations increased (P < 0.05) after the fi rst bout, in midexercise and after loading in all protocols examined, before and after the strength training period. After training, the mean of the blood ammonium was lower (P < 0.05 at mid-exercise and peak post exercise) in the 5 × 10RM Abs compared with the levels observed in both the 5 × 10RM rel protocols performed before and after training. After training, the peak ammonium value reached at the end of the exercise was higher (P < 0.05) in the 5 × 10RM rel compared with that observed in the other two protocols.
Discussion &
The main fi ndings of this study were that after short-term heavy resistance training, when the relative intensity of the fatiguing dynamic protocol was kept the same 1) the magnitude of exercise-induced loss in maximal strength was greater than that observed before training, 2) the peak power lost after AHREP (58 -62 % , before and after training) was greater than the corresponding exercise-induced decline observed in maximal dynamic (23 -34 % ) and isometric strength (12 -17 % ), but this was followed by a more rapid and complete recovery, 3) the magnitude of the exercise-induced neuromuscular changes were similar than before training, as well 4) higher accumulation of blood lactate and ammonia concentration after training were observed. As expected, after training the signs of acute exercise-induced fatigue in the protocol with the same absolute load as in pretraining were much less than those observed in post-training. After a short-term strength training period, the main mechanisms responsible for the increased capacity to work with the same relative intensity are mainly of a peripheral nature, since similar neural adjustments but higher accumulated fatigue and metabolic demand (i.e. blood lactate and ammonia accumulation) were observed after multiple sets of dynamic fatiguing high-power contractions with the same relative load as in pretraining. This result may indicate that rate of fatigue devel- opment was faster and more profound after training despite using the same relative intensity.
AHREP-induced changes in maximal isometric and muscle power output before and after training
A comparison of our results with other studies is diffi cult because no study has examined the early-phase eff ects of heavy-resistance training on dynamic exercise-induced fatigue task and recovery profi le in muscle power output and maximal strength (dynamic and isometric) lost in terms of both absolute and relative loading terms. Our results partially support previous crosssectional studies using moderate-load isotonic dynamic muscle actions (i.e. 50 % of the MVC) [8, 21, 23] . In general, these studies report greater losses in isotonic power than in MVC followed by a faster and more complete recovery in power output than in MVC [8, 21, 23] . Furthermore, similarly to previous studies the loss of power after dynamic task failure was mainly related to a reduction in muscle shortening velocity [8, 35] , rather than to a decline in force generating capacity. In the present study the velocity of load displacement was equally reduced (42 % ) before and after the strength training period. The maximal strength (dynamic and isometric) lost after AHREP was less than the corresponding exercise-induced decline observed in power, but it was incompletely recovered after 30 min post exercise, before and after the strength training intervention. Therefore, it is likely that muscle power (velocity) and force loss and recovery after AHREP may be infl uenced by the involvement of diff erent limiting factors. In contrast to the limiting factors to sustain and recover muscle power output and velocity during an isoinertial (i.e. fi xed mass) dynamic task to failure the force-generating capacity seems to be more dependent on the number of active cross-bridges than on the kinetics of the cross-bridge [5, 8] . Maximal isometric force loss and shortterm recovery (i.e. after 5 -10 min) after dynamic fatiguing contractions of a short duration, induced by moderate loads (i.e. 50 % of MVC), has been related to excitation-contraction (E-C) coupling failure [8, 23] rather than to altered neuromuscular transmission and / or sarcolemmal excitation [8, 23] . An incomplete recovery of isometric strength and iEMG-activity after 2 days has also been also reported after dynamic task failure using higher loading (i.e. 10 RM or 80 % of 1RM), partly related to preceding fatigue of mainly central origin [26] . These fi ndings indicate that diff erent physiological mechanisms account for fatigue during isometric and dynamic muscle contractions. Since the metabolic component that supposedly alters muscle contraction is similar before the power and MVC assessment, the observed diff erence in the rate of fatigue accumulation and recovery between MVC and peak power likely refl ects the greater infl uence of fatigue-eliciting metabolites on muscle shortening velocity than on force-producing capacity [8, 13] . Furthermore, a unique fi nding of the present study was that after a short-term training period, and despite the signifi cant training-induced increases observed in maximal strength, muscle mass and muscle power output in absolute terms, the loading protocol with the same relative load as in pretraining led to a similar reduction in muscle power output but greater decreases in MVC and 1RM. Strength training resulted in a remarkable increase in exercise performance (i.e. reduced fatigability) as shown by the attenuation of the degree of fatigue elicited by the same absolute load after training. Power and maximal strength losses were about 40 and 18 % lower respectively. Moreover, not only the magnitude of fatigue was reduced but the recovery process was also faster. In contrast to the present study, similar decreases in maximal isometric strength were observed in physically active and strength-trained male athletes [3] when the relative intensity of the loading was kept the same before and after a long-term strength training period (21 weeks), whereas in other studies the magnitude of exercise-induced loss in maximal strength or muscle power was not reported [19, 25, 28] .
AHREP-induced changes in blood lactate and ammonia concentration before and after training
Strikingly, the subjects endured more rate of fatigue development after training when exercising at the same relative intensity. This fi nding indicates that the subjects were able to perform each set more intensively after the training period, with an increasing degree of failure and ATP turnover. This is supported by the higher accumulation of blood lactate and ammonia concentration after training and coincides with certain sprint training studies that show increased capacity to use muscle glycogen after training [14, 22, 27, 36] . Our fi nding could also indicate that fatigue eliciting sensory feedback from the fatigued muscles after training is either reduced or processed in a diff erent way, such that the muscle is pushed further and the relative loss of performance is higher [4] . It cannot be ruled out, however, that other factors at the molecular level could also have contributed to the present fi ndings, such as the observed change in myosin heavy chain composition, with shift towards faster MHC phenotypes [5, 31, 34] . Our results are in agreement with previous studies [31, 34] which reported an increase of MHC IIa with a subsequent decrease in type IIX fi ber percent and a reduction of MHC I after short-term heavy resistance training. Glycolytic fi bres are able to produce higher power output than type I. In addition, type II fi bres have greater glycolytic power. Thus, the higher lactate accumulated in blood after training would also be compatible with this kind of adaptation. The fact that the same relative loading leads to increased rate of fatigue development after training has important practical implications. This may suggest that despite the enhanced ability to produce maximal strength and muscle power after a strength training program, it is important to note that when prescribing training programs a similar relative load as in pretraining could lead to a greater rate of fatigue development and, therefore, may induce diff erent training eff ects.
AHREP-induced changes in EMG responses before and after training
In the present study, in addition to the classical spectral and amplitude analyses of surface EMG, the potential contribution of peripheral muscle fatigue during dynamic contractions was also quantifi ed based on the analysis of new spectral indices of the EMG signal [9] . In doing so, we overcame the problem of the relatively low sensitivity of median frequency analysis and used a more valid EMG analysis technique method to assess peripheral fatigue during dynamic contractions [9, 12] . Both loading protocols with the same relative loading performed before and after training also led to major neuromuscular fatigue of similar magnitude observed with the acute increase in the surface EMG amplitude, with a shift of the EMG power spectrum towards lower frequencies, as well as with a sevenfold increase in the magnitude of the spectral fatigue index analyzed. As expected, after training the signs of acute exercise-induced fatigue in the protocol with the same absolute load as in pretraining were much smaller than those observed in post-training. In the present study, increased EMG amplitude and decrement in the median frequency in the presence of fatigue in the 5 × 10 Rel protocols in both pretraining and post-training may be primarily attributed to additional motor unit recruitment and / or increased spatial or temporal motor unit synchronization, presumably to compensate muscle fi bre fatigue [32] . Moreover, the new spectral parameter proposed by Dimitrov and coworkers [9] , showed a greater increase in the presence of fatigue than that reported by the median frequency. These changes in the frequency spectrum showed by the median frequency and the new spectral parameter towards the low frequencies may be partly related to an increase in the duration of the motor unit action potential waveform and a subsequent decrease in muscle fi bre conduction velocities [6] . These results would suggest that neural adjustments such as the subjects ´ capacity to generate neural drive and EMG power spectrum, and their modifi cations over time to attain a certain level of muscle power output may be compromised after dynamic fatiguing task when fatigue is examined after dynamic contractions with submaximal loads (i.e. 83 -84 % of 1RM) but with maximal eff ort (i.e. maximal velocity). Similar fi ndings have also been reported from EMG fatigue quantifi cation based on isometric contractions before and after other repetitive isokinetic [24] and isotonic dynamic exercises [8, 23] suggesting that peripheral impairments may be also the primary factor involved in the loss of performance after moderately loaded (i.e. 50 % or less of MVC) repetitive dynamic contractions.
In addition, an interesting fi nding of the present study was that the magnitude of the acute neuromuscular fatigue produced by the loading was similar before and after the shortstrength training period, when the relative intensity of the loading was kept the same. Thus we may assume a similar pattern of motor unit recruitment at fatigue in both pre-and post-training. This also indicates that the neural mechanisms eliciting fatigue were also similar pre-and post-training when exercising with the same relative load, suggesting that an increased capacity to perform more exercise and endure a greater loss of strength during the AHREP Rel protocols was mainly due to peripheral adaptations. Furthermore, as expected, when the acute heavy resistance protocol was performed with the same absolute loading as in pretraining, no signifi cant neuromuscular muscle fatigue impairments were observed after the short-strength training period. Taken together our fi ndings indicate that after a short-term strength training period the main mechanisms responsible for the increased capacity to work with the same relative intensity are mainly of a peripheral nature, since similar neural adjustments but higher accumulated fatigue and metabolic demand (i.e. blood lactate and ammonia accumulation) were observed after multiple sets of dynamic fatiguing high-power contractions with the same relative load as in pretraining. This study therefore supports the notion that similar changes are observed in the EMG signal pre-and post-training at fatigue when exercising with the same relative load. However, after training the muscle is relatively able to work more and can accumulate more metabolites before task failure. This result may explain that task failure occurred with a greater loss of functional capacity (power and MVC) in the trained state despite using the same relative intensity.
